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How do web search for a
New y&r&de?

Higqs bosown: disaoverv and
measurement
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Skandard Model?




How to search
for a new particle



Interesting processes are rare!
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There is no Higgs-boson detector!

this is what we are looking for...

Marco Delmastro (experimental) LHC physics



Step |: find events with the right ingredients

We are looking for e*e-u*p-...

Is this event ok?
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Step |: find events with the right ingredients

We are looking for e*e-u*p-...

What about this one?
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Step |: find events with the right ingredients

We are looking for e*e-u*p-...

And this one!?

Marco Delmastro (experimenta [) LHC physics



Signal and background

9
Irreducible background Reducible background
The final state is exactly the same, but it does The final state looks like the same, but some f
not come from the particle you are looking for  the particle fakes what you are looking for
+
fake e* |
q g M
Z
q g -
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Selections
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Step 2: reconstruct properties of initial particle

® We have 4 particles...
v" ... with their energy (calorimeters), charge and momentum (tracker)

® Use pairs of opposite sign e*e  and p*H-

2 2
® Reconstruct invariant mass from the 4 particles )] — \/(Z EZ) — (Z ﬁb)
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Extract signal from background
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Extract signal from background
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Extract signal from background
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Extract signal from background

¢ Background gets estimated...
v ... from simulation (normalized to data)

v ... directly from data (“control regions”, enriched in background events)
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How significant is an excess!?

* pO0: probability that the excess is due to a fluctuation of background
* Significance: S 7
4~ — po = 1— Erf [ —

VB V2
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* Convention:
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How significant is an excess!?
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Significance increase with data (and tlme’)
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ATLAS Online Luminosity

2010 pp s =7 TeV
= 2011 pp Vs =7 TeV
= 2012 pp \s =8 TeV
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Standard Model Higgs decays
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Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC

Marco Delmastro (experimental) LHC physics 22



@ATLAS

EXPERIMENT

http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CE%E



“Higgs-like” signals on July 4* 2012 (in ATLAS)
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“Higgs-like™ signals with all 7 and 8 TeV data...

H vy H->4l

% 200 —r+ g r r 1 1. r 1 1t [ . 1t 1T T [ T 1 11T T T T ] > _I T | TTTT | T T TTTT | TTTT | TTTT | TTTT T T T I_
o - [Ldt=451fb" Vs=7 TeV ATLAS . D - 5 4
£ = [ Ldt=20.3 b Vs=8 TeV 4 Dat -4 O 39 - ATLAS $ oua ]
e ata 7 L ; _ _ B
.§ 1R s/b weighted sum Combined fit: _: LO B H — ZZ* — 4l |:| Sine (mH - 1o GeV =160 ]
r M t cat i —_— G ] - * ]
N ” ;_ ass measurement categories — :f:kzz:ob::;ground _: S 30 . (s = 7 TeV: J.Ldt _45 fb'1 - Background ZZ - ]
ol — Signal = ﬂ - 5= 8TeV: J‘Ldt 203 fb'1 - Background Z+jets, tt .
E E GC) 25 — . . %//% Systematic uncertainty —
100 (— T = _
- _ > = ;
80 __ '.N __ LIJ — -
- e ] 20 - ]
60— — - ) .
of- 4 15F -
20 f— N ]
i et T 10 .
2 8= - _
5 G - ]
Q@ 4 - |
;& : o
5 2E + =
© 4E- =
-8E- =
~ 110 120 130 140 150 T6( 80 90 100 110120 130 140 150 160 170
m,, [GeV]

m,, [GeV]

Marco Delmastro (experimental) LHC physics 25



“Higgs-like” signals with |3 TeV data...

H->vy H->4l
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Higgs production cross-section vs. c.o.m. energy
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is it the
Higgs
boson!?
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Spin!

What’s a particle spin?

“An amount of rotation
that is somehow
quantized”

An electron has always
an angular momentum of ' h
either in its direction of travel (+'2 h)

or opposite to it (-2 h) h = 1.0545 x 103 m2kg /s



What spin do particles have!?

fermions

@ } (quarks, leptons)

spin = +1/2,-1/2

massive bosons

é < G;i }(w,Zbosons)

spin = +1,0,-1

massless bosons
~ (photon, gluon)
spin = +1, -1
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What can a spin O particle decay to?

—

\‘L/"'\“&/ - photons

Bl

—

| fermions
J (quarks, leptons)

O=p+@
OsO+O
@=0+

- W, Z bosons

Gl

1




What can a spin | particle decay to?

0 * W - \'L/ - photons

O=d+d
0=0+0

\

J

- fermions

- W, Z bosons

Marco Delmastro (experimental) LHC physics
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What can a spin 2 particle decay to?

& ¥ & [photons

@ % @ " :'- fermions

Q=0+

- W, Z bosons

4 rb quarks+gluon

~ T leptons



Spin0

Spin 1

Spin 2

© ©
® O
© ©



How can we recognize spin?

spin 0 spin | spin 2

Spin-0 decays in all directions with equal probability; spin-| prefers decaying toward or away from the direction of spin; spin-2
prefers the poles and the equator to the region in between.These pictures exaggerate the real distributions for clarity.

Marco Delmastro (experimental) LHC physics
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Spin with H>4| (& combination)

®  Sensitive variables combined in BDT score

V" Intermediate boson masses: m,, m_,

N N NN

100
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Z, production angle: 6*
Z, decay plane angle: O,
Angle between the Z, and Z, decay planes: ®
Decay angles of negative leptons: 6,, 6,

104}

10°%}
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Vs=7TeV [Ldt=4.6fb" W1
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The Higgs boson or a Higgs boson?

e |

Marco Delmastro

CERN press office

New results indicate that particle discovered at CERN
is a Higgs boson

14 Mar 2013

Geneva, 14 March 2013. At the Moriond Conference today, the ATLAS and CMS
collaborations at CERN*’s Large Hadron Collider (LHC) presented preliminary new
results that further elucidate the particle discovered last year. Having analysed two and a
half times more data than was available for the discovery announcement in July, they find
that the new particle is looking more and more like a Higgs boson, the particle linked to
the mechanism that gives mass to elementary particles. It remains an open question,
however, whether this is the Higgs boson of the Standard Model of particle physics, or
possibly the lightest of several bosons predicted in some theories that go beyond the
Standard Model. Finding the answer to this question will take time.

(experimental) LHC physics
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Many unanswered questions...

Why there are 3 families of
particles? Are there more? Why is the top quark so heavy!?

068: SLAC 1974: Brookhaven & SLAC 10g6: Fermilab

Why there’s
more matter Are there
then anti- B more forces!?
matter?
How do
neutrinos get
?
mass! What keeps
the Higgs mass
so small?
How do we What is

incorporate gravity!? Dark Matter?

Marco Delmastro (experimental) LHC physics
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. as many possible answers to probe!

Super—symmetry? Extended
Higgs sector?

BN

r-------‘

- i
, dl .
omposite
New heavy | P
- I quark and
bosons!? 1 I
- I leptons!?
I
:Any new theory |
|| S J] need to agree : L Wy " r
W 1 withthesM! | arge extra- .. 4

Dark Matter Black holes? ~ AT
particles? Gravitons!?

wwwwwwwwwwwwww
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Example: search for a new gauge bosons Z-2ll

Events / GeV
=Y

10

1072
107

_|_|'|'|'|T|]] IIII|'|T|] IIII|'|T|] IIII|'|T|] TTIT
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¢ Data CMS é_
[ y*Z > " e Preliminary __
]t tw, ww, Wz, 77, t1

[ ] Jets

Events
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—
<
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ATLAS ¢ Data

s=13TeV, 36.1 fb" CJzwe

Dimuon Search Selection [l Top Quarks
[] Diboson
— Z,(3TeV)
— 7, (4 TeV)
— 7, (5TeV)

100

200 300 1000 2000
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It’s the right time to join!

Hugely increased potential for discovery of heavy particles at |13 TeV

Perfect occasion for young motivated physicists: join the search!

WJS2013
fara(xa, QZ) Parton distributions 1 OO [T T T T ] T T T . — . . v
A7—>‘(F resssesn BB [ ratios of LHC parton luminosities: 13 TeV /8 Te /
‘ a Hard scaterin - '
BeZm parton s-aéprogess p

particies Glab —= X)l
= XaXys

Beam fragments/
spectator jets

fora(Xp, Q?)

luminosity ratio
o

\/g — A/ LqlpS

0 = Z/d$adxbfa(x: Qg)fb(x-, Qz)a'ab(xasIb)
a,b 1
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It’s the right time to join!

Hugely increased potential for discovery of heavy particles at |3 TeV

Perfect occasion for young motivated physicists: join the search!

Minimum bias

7

WH

t (s-channel)

H (ggF)

H (VBF)

t (t-channel)

tt

ttH

stop pair (0.7 TeV)
stop pair (0.9 TeV)
gluino pair (1.5 TeV)
gluino pair (2.5 TeV)
Z' SSM (3 TeV)

Q* (4 Tev)

QBH (6 TeV)
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- . Cross section ratios: 14 (13) TeV/ 8 TeV
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2.6 And: pp — H*(500) + X: 14 TeV/8 TeV ~ 7
2.6
2.8
3.9
4.7
11 (for 13 TeV / 8 TeV: 8.4)
16 (for 13TéV/sTev:12)
72I (for 13 TeV / 8 TeV: 46)
1 5700 (13/8:2700)
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y / l . : 12000
| _S—— o o et
1 10 100 1000 10000 100000
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The LHC will run f

or a lon

LHC

g time...
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HL-LHC tt event in ATLAS ITK

¥

at <p>=200

N
o\
TR N

\

.’
.

WN

46

(experimental) LHC physics

Marco Delmastro






Y

48

Marco Delmastro (experime



Standard Model nggs productlon at the LHC

t __________

fa0000099 . 2000
g t
associated production (ttbar)
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ATLAS Exotics Searches” - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: July 2017 [Ldt=(3.2-37.0) b Vs=8,13TeV
Model ty Jetst ET™ [rdt[fb] Limit Reference
L i i o i i T i i o

ADD Gkk +g/q Oeu 1-4j Yes 361 Mp 7.75 TeV n=2 ATLAS-CONF-2017-060
ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO CERN-EP-2017-132
ADD QBH - 2j - 37.0 M, 89TeV n=6 1703.09217
ADD BH high ¥, p1 >leu >2j - 3.2 Mg 8.2 TeV n=6, Mp =3TeV,rot BH 1606.02265
ADD BH multijet - >3j = 3.6 M 9.55TeV n=6,Mp=3TeV,rotBH 1512.02586
RS1 Gkkx — vy 2y - - 36.7 | Gkk mass 4.1 TeV k/Mp =0.1 CERN-EP-2017-132
Bulk RS Gy — WW — qqlv 1epu 1J Yes 36.1 Gkk mass 1.75 TeV k/Mp = 1.0 ATLAS-CONF-2017-051
2UED / RPP leu 22b23) Yes 13.2 KK mass 1.6 TeV Tier (1,1), B(ALD — tt) =1 ATLAS-CONF-2016-104
SSM Z’ — ¢t 2epu - - 36.1 Z’ mass 4.5 TeV ATLAS-CONF-2017-027
SSM Z' - 17 27 - - 36.1 Z’ mass 2.4 TeV ATLAS-CONF-2017-050
Leptophobic Z” — bb - 2b - 3.2 Z’ mass 1.5 TeV 1603.08791
Leptophobic Z" — tt leu >1b,>1J/2) Yes 3.2 Z' mass 2.0 Tev r/'m=3% ATLAS-CONF-2016-014
SSM W’ — ¢v 1eu - Yes  36.1 W’ mass 5.1 TeV 1706.04786
HVT V' - WV — gqqq model B 0 e, u 2J - 36.7 V’ mass 3.5 TeV gv=3 CERN-EP-2017-147
HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv =3 ATLAS-CONF-2017-055
LRSM W, — tb 1epu 2b,0-1] VYes 20.3 1410.4103
Cl gqqq - 2j - 37.0 A 21.8TeV 7, 1703.09217

. Cl ttqq 2epu - - 36.1 A 40.1 TeV 7, | ATLAS-CONF-2017-027
Cl uutt 2(SS)28epuz1b21j Yes 203 |INEEEEEEeTTeV ICrel =1 1504.04605
Axial-vector mediator (Dirac DM) Oe, 1-4j Yes 36.1 Mied 1.5 TeV g4=0.25, g,=1.0, m(y) < 400 GeV | ATLAS-CONF-2017-060

. Vector mediator (Dirac DM) Oe,u, 1y <1j Yes 36.1 Mped 1.2 TeV g4=0.25, g,=1.0, m(xy) < 480 GeV 1704.03848
VVxx EFT (Dirac DM) Oeu 1J,<1]  Yes 3.2 M, 700 GeV m(x) < 150 GeV 1608.02372
Scalar LQ 15t gen 2e >2j - 3.2 LQ mass 1.1 TeV B=1 1605.06035

. Scalar LQ 2" gen 2pu >2j - 3.2 |LQmass 1.05 TeV p=1 1605.06035
Scalar LQ 3" gen leu 21b,23] Yes 203 [OFESesocev B=0 1508.04735
VIQTT - Ht+ X Oorlepu >2b,>3j Yes 13.2 T mass 1.2 TeV B(T - Ht) =1 ATLAS-CONF-2016-104
VLQTT — Zt + X le,u 21b,23] Yes  36.1 T mass 1.16 TeV B(T-2zt)=1 1705.10751
VLQ TT - Wb+ X le,u >1Db,>1J/2) Yes 36.1 T mass 1.35 TeV B(T - Wh)=1 CERN-EP-2017-094
VLQ BB — Hb+ X leu =2b,>3] Yes 20.3 B(B — Hb) =1 1505.04306
VLQ BB - Zb+ X 2/>3e,u  >2/>1b - 20.3 B(B— Zb) =1 1409.5500
VLQ BB —» Wt + X 1eu >1b,>1J/2) Yes 36.1 B mass 1.25 TeV B(B—- Wt)=1 CERN-EP-2017-094
VLQ QQ —» WqWgq 1eu >4j Yes 20.3 1509.04261
Excited quark q* — qg - 2j - 37.0 6.0 TeV only u* and d*, A = m(q*) 1703.09127
Excited quark g* — qy 1y 1j - 36.7 5.3 TeV only u* and d*, A = m(q") CERN-EP-2017-148
Excited quark b* — bg - 1b,1]j - 13.3 ATLAS-CONF-2016-060
Excited quark b* — Wt tor2e,up 1b,2-0j Yes 20.3 fp=fi=fr=1 1510.02664
Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3e,uT - - 20.3 A=16TeV 1411.2921
LRSM Majorana v 2eu 2j = 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
Higgs triplet H** — ¢¢ 234¢e,u(SS) - - 36.1 H** mass 870 GeV DY production ATLAS-CONF-2017-053
Higgs triplet H** — (7 3eut - - 20.3 DY production, B(Hj* — () =1 1411.2921
Monotop (non-res prod) lepu 1b Yes 20.3 Anon—res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059

*Only a selection of the available mass limits on new states or phenomena is shown.
+Small-radius (large-radius) jets are denoted by the letter j (J).
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Squark

EWK Gauginos
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Selected CMS SUSY Results* - SMS Interpretation ICHEP '16 - Moriond '17
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Qe ctaon oM e <30560 CMS Preliminary
(Max exclusion for M m-Mm<QOGeV)
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For decays with intermediate mass,
Imlntermediate =X mMolher+(1 -IX) M sp
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*Observed limits at 95% C.L. - theory uncertainties not included Mass Scale [GeV]
Only a selection of available mass limits. Probe *up to* the quoted mass limit for ful ~0 GeV unless stated otherwise
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